Abstract. In the present work it is shown that, in accordance with the observations of the vertical sounding station "Tashkent", the critical foE-frequency of the daytime E-layer increases about one day before winter-earthquakes with magnitudes M > 5 and depths of the epicentre of h < 60 km, which appeared at distances of R < 2000 km from the station. The reliability of the result is larger than 99 %. The phenomenon is not observed for summer-earthquakes. It seems to be determined by the atmospheric wind system. Further, the variations of the foE-frequency are compared with possible simultaneous variations of the critical frequency foF2 of the F2-layer. First results show that only very large changes of the ionisation density in the E-layer influence the ionisation density in the F-region. Therefore, no synchronous growth of the foE-and foF2-frequencies 1-2 days before seismic shocks could be observed.
Introduction
The E-region of the ionosphere is situated at h ≈ 90−140 km above the Earth's surface. Its ionisation density amounts to N < ∼ 10 5 cm −3 at daytime, and decreases by about 3-4 orders of magnitude at night (Antonova et al., 1996) . The midlatitudinal daytime E-layer is mainly formed by the ionisation of neutral O 2 -molecules by two close EUV lines with wavelengths of 977Å (CIII) and 1025.7Å (HLyβ), providing 80-90 % of the total ionisation rate (Mikhailov et al., 2007) . The remainder of the ions is provided by the x-ray radiation with wavelengths below 100Å (Ivanov-Kholodny et al., 1976) . The critical frequency foE of the daytime E-layer is generally described by a classical theory already introduced by Chapman in the 1930s (Chapman, 1931) . The freCorrespondence to: C.-V. Meister (c.v.meister@skmail.ikp.phyik.tudarmstadt.de) quency, above all, depends on the position of the Sun above the horizon, and of course on the solar activity. Additionally, it is modified by the concentration of the O 2 -molecules and its altitudinal scale, as well as by the ionisation and absorption cross sections of the material (Mikhailov et al., 2007) . Thus, the behavior of foE is, above all, determined by the daily and seasonal changes of the solar activity, and also by the 11-yr and 27-days solar cycles. Additionally, the frequency is weakly influenced by disturbances of the geomagnetic field, by electrical disturbances propagating from the F-layer downwards, as well as by variations of the electric field and perturbations of acoustic nature propagating upwards from the neutral atmosphere. The influence of meteorological effects on the E-layer, and particularly on the foEfrequency, was studied by Danilov (1989) . One may expect that electrical, acoustic, and acoustico-gravity disturbances occurring in the lower atmosphere during earthquake preparation times influence the variations of the foE-frequency. But as the foE-frequency, compared with other characteristic frequencies of the ionosphere, is rather stable with respect to external influences, and as its changes caused by disturbances of non-solar nature amount only to about one percent, it was considered to be only weakly sensitive to earthquake preparation processes. Therefore, the foE-frequency was only seldom analysed searching for seismo-ionospheric effects. Only in the work by Ivan-Kholodnyi and Tchertoprud (1998) , an increase of foE about two days before some (≈ 20) strong earthquakes was mentioned. On the other side, in some works (Liperovskaya et al., 2006 (Liperovskaya et al., , 2009 ) it was already concluded that 3-5 days before strong earthquakes the critical frequency foF2 of the F2-layer is somewhat modified.
The aim of the present work is the statistical proof of seismo-ionospheric effects in the foE-variations, attempting to define under which conditions the characteristic foEfrequency increases 1-2 days before earthquakes. Further, a first comparison of the variations of the foE-frequency with Published by Copernicus Publications on behalf of the European Geosciences Union. simultaneous variations of the critical frequency foF2 of the F2-layer before earthquakes is presented.
Method of analysis
In the present work, effects of earthquakes on the Elayer and F-layer of the ionosphere before seismic shocks are investigated. Therein, earthquakes with magnitudes M > 5, epicentres situated at a distance from the vertical sounding station smaller than R = 2000 km, and a depth of the source h < 60 km are taken into account. Data from the "Tashkent" station in Middle Asia (latitude -ϕ = 41.3 • N, longitude -λ = 69.6 • E), which are published online (http://spidr.ngdc.noaa.gov/spidr/), are used.
For the study of seismo-ionospheric phenomena in the Elayer of the ionosphere, variations of the critical daytime foE-frequency are considered. The hours from 11:00 LT to 17:00 LT are taken as daytime, as the time when the degree of ionisation of the ionosphere is at maximum and the dependence of the degree of ionisation on the time is not so strong as in the other hours. For the analysis, the data averaged over the introduced interval of 11:00-17:00 LT, foE day are used. foE day is found when at least four values of the averages over the six daytime hours exist.
To exclude the seasonal dependence of the foE day -values, the values of foE 11days , calculated using linear interpolation over 11 days (from day (−5) until day (+5)), were subtracted from the values of foE day , E(i) = f oE day (i) − f oE 11days (i). The short time interval of 11 days is selected to also decrease the influence of the 27-days solar cycle. It is not possible to exclude the seasonal dependence completely. But, as will be shown below, the seasonal dependence remaining after the described averaging procedure is much smaller than the change of E(i) by the ionospheric earthquake preparation processes.
From the obtained E(i)-values, all variations which have an absolute value larger than 2 MHz are then excluded. The number of such values is about 1 % of the total data (84 days of a total of 6425 days). The main part of the excluded data is related to strong geomagnetic and solar disturbances. Spikes in the E(i)-values also occur, the reason for which is unknown. It is reasonable to also omit these data before one calculates the mean square deviation std( E(i)) for 11 days. Further, the E(i)-values are normalized by the mean square deviation std( E(i)). As a result, every analysed day is characterized by a normalized function foE norm (i) = E(i)/std( E(i)).
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of such values is about 1 % of the whole 4 days of a total of 6425 days). The main ded data is related to strong geomagnetic nces. Spikes in the ∆E(i)-values also ocr which is unknown. It is reasonable to also fore one calculates the mean square deviafor 11 days. Further, the ∆E(i)-values are Finally, having performed the data evaluation as descri above, after excluding days with strong solar and geom netic disturbances, the superposition of epoches meth (Ambroz 1979 ) is applied to earthquakes with magnitu M > 5, distances from the station R < 2000 km, and fo depths h < 60 km.
Seismo-ionospheric effects in the E-layer
Results of the analysis of the foE-data are shown in Fig The decrease of the mean f oE norm -value three days bef the (260 studied) earthquakes (day (−3)) and the increase the value one day before the seismic shocks (day (−1)) demonstrated in Fig. 1 . The decrease on day (-3) seems be random. First, it is unnatural to suggest that a seism ionospheric effect is so strongly localized in time a few d before an earthquake. Second, the effect is unstable: stu ing the dependence of the decrease of f oE norm on the ferent years, the casual character of the decrease can be se Next, the seasonal dependence of f oE norm on day ( after strong disturbances, days with a K p -index larger than 30 are also not taken into account. Finally, having performed the data evaluation as described above, excluding days with strong solar and geomagnetic disturbances as previously described was inserted for clarity, the superposition of epoches method (Ambroz, 1979 ) is applied to earthquakes with magnitudes M > 5, distances from the station R < 2000 km, and focal depths h < 60 km.
Results of the analysis of the foE-data are shown in Fig. 1 . The decrease of the mean foE norm -value three days before the (260 studied) earthquakes (day (−3)) and the increase of the value one day before the seismic shocks (day (−1)) are demonstrated in Fig. 1 . The decrease on day (−3) seems to be random. First, it is unnatural to suggest that a seismoionospheric effect is so strongly localized in time a few days before an earthquake. Second, the effect is unstable: studying the dependence of the decrease of foE norm on the different years, the casual character of the decrease can be seen.
Next, the seasonal dependence of foE norm on day (−1) before the seismic shock is considered. Figure 2 shows that the increase of foE norm one day before a seismic shock is observed only in winter. In contrast, no effect is found during the summer months.
Thus, only earthquakes occurring in winter (from October till April, in the months 1, 2, 3, 4, 10, 11, 12) are studied here.
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Considering the dependence of th fect on the location of the epicente Fig. 3 . Result of the superposition of epoches for foE norm -values for winter-earthquakes with M > 5, R < 2000 km, and h < 60 km. The superposition time equals 20 days. The red arrow shows the day zero of the earthquakes. The mean value of foE norm (i) for the day i during seismo-active times is presented by the solid blue line. The dash-dotted line designates the mean value of foE norm for all data considered. The dotted lines show the 95 %-levels (2 std.) and 99 %-levels (3 std.) of reliability obtained using the method of modeling random processes.
The increase of foE norm on the day (−1) before winterearthquakes with magnitudes M > 5, distances R < 2000 km, and depths h < 60 km is considerable. It is larger than 3 std for a superposition interval of 20 days (see Fig. 3 ). At a superposition time of 100 days (from day −50 till day +50), Variations of f oE norm on the day (-1) of all wint earthquakes in dependence of the year. Every earthquake is p sented by a triangle. It is to be seen, that in all the years the numb of earthquakes with f oE norm larger than the mean value is larg than the number of seismic shocks with f oE norm smaller than t average. Further, the dependence of f oE of the day (-1) on t Fig. 4 . Variations of foE norm on the day (−1) of all winterearthquakes in dependence on the year. Every earthquake is presented by a triangle. It is to be seen, that in all the years the number of earthquakes with foE norm larger than the mean value is larger than the number of seismic shocks with foE norm smaller than the average.
one even finds an increase larger than 4 std. This effect is rather stable, meaning it does not depend on the different years. Figure 4 shows the behaviour of foE norm in the years from 1964 till 1988. From these results one may conclude that the increase of foE norm on the day (−1) is observed for the whole considered time interval. In total, there are analyzed data of 119 earthquakes for the day (−1). Dividing the 119 earthquakes into three groups according to growing time, one finds for the first 40 events a mean value of 0.27, for the group 2 of 40 earthquakes a mean value of 0.51, and for the third group of 39 earthquakes a mean value 0.32. Further, the dependence of foE norm of the day (−1) on the distance between the earthquake epicentre and the sounding station is studied (Fig. 5) . From Fig. 5 one can see a tendency that the maximum increase of foE norm occurs at distances of 800-1600 km from the epicentre.
Considering the dependence of the seismo-ionospheric effect on the location of the epicentre for winter-earthquakes, it is found that foE norm on the day (−1) is anisotropic (Fig. 6 ). In the case of earthquakes to the west of Tashkent, on day (−1), one finds an increase of foE norm for 44 seismic shocks and a decrease for 26 shocks. But for seismic events east of Tashkent, an increase on day (−1) is observed in 28 cases, and a decrease occurs in 22 events. Earthquakes with an epicentre east of the sounding station mainly contribute to the increase of foE norm . than the number of seismic shocks with f oEnorm smaller than the average. Further, the dependence of f oE norm of the day (-1) on the distance between the earthquake epicenter and the sounding station is studied (Fig. 5) . From Fig. 5 one can see a tendency that the maximum increase of f oE norm occurs at distances of 800-1600 km from the epicenter.
Considering the dependence of the seismo-ionospheric effect on the location of the epicenter for winter-earthquakes it is found that f oE norm on the day (-1) is anisotropic (Fig.  6 ). In case of earthquakes to the west of Tashkent, on day (-1), one finds an increase of f oE norm for 44 seismic shocks and a decrease for 26 shocks. But for seismic events east of Tashkent, an increase on day (-1) is observed in 28 cases, and a decrease occurs in 22 events. Earthquakes with an epicenter in the East of the sounding station mainly contribute to the increase of f oE norm . Position of the earthquake epicenters relative to the veral sounding station "Tashkent". Red points show earthquakes r which f oE norm on the day (-1) is larger than the mean value, ue points designate earthquakes with a f oE norm -value on day 1) smaller than the mean value Seismo-ionospheric effects in the F-layer the following, the results obtained in the present paper for e foE-frequency will be compared with the behaviour of e foF2-frequency obtained at the same time with the same rtical sounding station "Tashkent". The formation mechanism of the mid-latitude day-time -layer is well known. Extreme ultraviolet (10.1 µm) solar diation ionises atomic oxygen within the layer. The crital frequency foF2 is proportional to the maximum square ot of the density of the free electrons in the F2-layer. The Table 1 . Correlation coefficient between f for quiet days with very large f oE norm -va value of f oE norm correlation co between f oE n and f oF 2 norm all data 0.07 abs (f oE norm ) > 1 0.13 abs (f oE norm ) > 1.5 0.16 abs (f oE norm ) > 2.0 0.29 able for 215 earthquakes. In case of value of f oF 2 norm increases and alm level of reliability. Thus one might su of the foF2-frequency is connected w foE-frequency. Consequently, one mi turbances of the ionisation density ar the magnetic field. On the other side, t to assume that the variations obtained o dom. In case of the winter-earthquak f oF 2 norm -value is rather small (see F The correlation coefficient of the f oE norm and f oF 2 norm , calculated data into account, is generally low. T geomagnetic activity mainly contribut coefficient. When investigating seism days with increased geomagnetic and cluded from the analysis and a correla quiet days (ΣK p < 30, W < 100) o Fig. 6 . Position of the earthquake epicentres relative to the vertical sounding station "Tashkent". Red points show earthquakes for which foE norm on the day (−1) is larger than the mean value, blue points designate earthquakes with a foE norm -value on day (−1) smaller than the mean value .
Seismo-ionospheric effects in the F-layer
In the following, the results obtained in the present paper for the foE-frequency will be compared with the behaviour of the foF2-frequency obtained at the same time with the same vertical sounding station "Tashkent". The formation mechanism of the mid-latitude daytime F2-layer is well known. Extreme ultraviolet (10.1 µm) solar radiation ionises atomic oxygen within the layer. The critical frequency foF2 is proportional to the maximum square root of the density of the free electrons in the F2-layer. The F2-layer is the upper, almost fully ionized part of the F-layer situated at altitudes from about 200 km to more than 500 km above the surface of the Earth. Mikhailov et al. (2007) concluded that positive and negative variations of the foF2-frequency at geomagnetic quiet times in the F2-region are mainly due to the atomic oxygen density variations which are presumably the result of the vertical gas motion in the thermosphere, also including E-region heights. Mikhailov et al. (2007) did not find point-to-point correlations between the electron densities in the E-and F2-layer, but only a statistical correlation. Investigating the critical frequency foF2, data obtained for the same earthquakes with magnitudes M > 5 and depths of the epicentres h < 60 km which occurred at a distance R < 2000 km from the vertical sounding station "Tashkent" are considered. For the study, a method analogous to the method of analysis of the foE-frequency (described in Sect. 2) is applied. The seasonal dependence is excluded and the function foF2 norm is constructed, which is normalized by the meansquare deviation. Again, the days with high solar activity and magnetic disturbances are excluded from the analysis. For foF2 norm , the superposition of epoches method is also performed. First results of the analysis, obtained for all data (all seasons) are shown in Fig. 7 . There, data for foF2 for the same daytime hours of the day (−1) were available for 215 earthquakes. In the case of day (−1), the average value of foF2 norm increases and almost reaches the 95% level of reliability. Thus, one might suggest that the increase of the foF2-frequency is connected with the increase of the foEfrequency. Consequently, one might conclude that disturbances of the ionisation density are brought forward by the magnetic field. On the other side, the authors are inclined to assume that the variations obtained on the day (−1) are random. In the case of winter-earthquakes, the increase of the foF2 norm -value is rather small (see Fig. 7 ).
The correlation coefficient of the correlations between foE norm and foF2 norm , calculated taking the complete data into account, is generally low. Thereby, days with high geomagnetic activity mainly contribute to the growth of the coefficient. When investigating seismo-ionospheric effects, days with increased geomagnetic and solar activity are excluded from the analysis and a correlation coefficient of the quiet days ( K p < 30, W < 100) of 7 per cent is found. If one chooses from all the quiet days only those with very strong (positive or negative) foE norm -values, one obtains a weak increase of the correlation coefficient with growing Nat. Hazards Earth Syst. Sci., 11, 1807 Sci., 11, -1812 Sci., 11, , 2011 www.nat-hazards-earth-syst-sci. days with increased geomagnetic and solar activity are excluded from the analysis and a correlation coefficient of the quiet days (ΣK p < 30, W < 100) of 7 per cent is found. foE norm (see Table 1 ). Thus, one may conclude that only very large changes of the ionisation density in the E-layer influence the ionisation density in the F-region. However, such large ionisation densities in the E-layer, and correlated extreme values of foE norm at the day (−1), are a very rare phenomenon. Consequently, no synchronous growth of foE norm and foF2 norm could be observed.
Discussion of the results and conclusions
In the present work it is shown that in accordance to the observations of the vertical sounding station "Tashkent", the foE-frequency increases about one day before winterearthquakes with magnitudes M > 5 and depths of the epicentre of h < 60 km, which appear at distances of R < 2000 km from the station. The reliability of the result is larger than 99 %. This finding is in agreement with observations by Ivanov-Kholodnyi and Tchertoprud (1998) . One may propose two mechanisms which might explain the foE-increase before earthquakes. First, the maximum increase of foE is obtained at distances of about R ≈ 1000 km from the epicentre. One may assume that this is caused by acoustic-gravity waves with periods of 1-3 h. These waves propagate into the ionospheric E-layer at large distances of 1000 km to 1600 km from the epicentre (Brunelli and Namgaladze, 1988 ) and heat the E-layer by dissipation. When the temperature of the E-layer grows, the recombination coefficients decrease (Nikole, 1964) and, consequently, the ionisation density increases. The acoustic-gravity waves cross the stratosphere only during westerlies, which occur in winter (Danilov et al., 1987) .
It might also be possible that foE grows as the E-layer is heated -and the recombination of ions decreases -during the seldom local upward propagation of neutral components of the atmosphere because of single acoustic pulses from the Earth's surface or, on the other hand, is due to disturbances of the electric field and mosaic-likely distributed atmospheric heating (Pulinets and Boyarchuk, 2004) .
The mosaic-likely distributed atmospheric heating may be caused by radon emanation into the atmosphere before earthquakes and the formation of Frenkel areas of strong electric fields lasting some minutes, or some dozens of minutes. In this case, the disturbances are believed to propagate along the seismic fracture regions, and the mosaic-like processes are generated in the Earth's crust directly in the environment of the vertical sounding station.
Concerning the recombination of ions in the E-layer, it has yet to be mentioned that in this layer in daytime the main ions are NO + and O + 2 ones. Besides, at E-layer altitudes the N + 2 -ions exist. But these ions have a short lifetime, and the O + -and N + -ions possess a low recombination coefficient. According to (Danilov, 1989) , the effective recombination coefficient is approximately the sum of the recombination coefficients of NO + and O + 2 , which are both proportional to the inverse electron temperature. So, in daytime during the increase of the temperature, the effective recombination coefficient decreases, and the degree of ionisation grows. Thus, also at growing temperature due to the dissipation of acoustic waves, the electron density and therefore also the critical frequency foE grow.
Concerning the foE-variations and possible correlated changes of the critical foF2-frequency before earthquakes, a first analysis showed only small correlations. Electron density changes in the F-layer might be preferably caused by acoustic and electric disturbances propagating, contrary to acoustic-gravity waves, mainly vertically upwards. But this is a topic of future research work.
